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Abstract  
The increased demand for lightweight products with enhanced characteristics is driving the introduction of 
thermoplastic-metal hybrids in many industrial applications. However, inflexible and expensive processes, as well as 
difficulties in obtaining reliable joints, reduce the industrialization of hybrid products. 
During this work a new approach to perform the laser transmission joining (LTJ) of AISI 304 stainless steel and 
natural polyamide (PA6) has been studied. The proposed technology is intended to improve the strength of hybrid 
structures by increasing the amount of thermoplastic polymer trapped inside metal surface cavities. 
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1. Introduction 
The requirements of efficiency and innovation are pushing the industrial manufacturing methods to a 
new stage, where novel processes and products with enhanced properties are required. The increasing use 
of thermoplastics and thermoplastic based composites in different sectors, such as automotive, aerospace 
or electronic, has the potential to reduce costs and improve the production efficiency through the 
introduction of tailored materials with lower environmental impact [1]. However, technical plastics are 
often unable to substitute metals completely in industrial applications, especially in situations in which 
strong structural properties are required. Material hybridization can offer a compromise solution between 
all-metal structures and all-plastic components. 
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The driving philosophy behind the integration of metal/polymer parts has been to complement the 
structural and non-structural needs of many products in a single customized solution. On one hand, the 
thermoplastic material provides the required flexibility and lightweight. On the other hand, metals feature 
high specific strength and thermal conductivity. Thus, the increased use of combined metal-plastic 
structures, leads to the necessity of flexible bonding methods to obtain reproducible high quality joints. 
Indeed, the introduction of innovative knowledge based joining technologies could provide a better 
performance/cost ratio and improve the competitiveness of industrial manufacturing in high-wage 
countries [2]. 
In this way, some authors classified and analyzed the most relevant classical joining methods to 
achieve reproducible high quality assemblies of dissimilar materials, including adhesive bonding, 
mechanical unions, or over-injection molding [3]. Each method presents its weak points and drawbacks. 
For example, adhesive bonding presents low productivity and several environmental issues, while 
mechanical joints such as screws and rivets present an inflexible process that imposes restrictions on the 
design of components and also introduces stress concentrations around bearing holes and fitting 
clearances. Even the over-injection molding technique first established by Bayer in 1996 [4] to replace all-
steel front-end modules in the automotive industry, need to deal with expensive tooling or complex part 
handling systems, which introduce limits to the repair and design modifications of products. 
The direct laser transmission joining firstly developed by [5, 8] and tested by [9, 10], is a rapid, flexible 
and reliable solution to bond the entire surfaces of two dissimilar materials without any adhesive or 
mechanical joint. Moreover, the LTJ highlights among other thermal bonding processes due to its ability 
to be spatially patterned with good resolution and to access extremely complex and tiny areas with great 
accuracy. Thus, it is possible to generate high quality joints and avoid defects such as burns and polymer 
degradation during the product manufacturing. 
Nowadays, metal-polymer hybrids are replacing all-metal parts in several applications for the automotive 
sector, including door modules, seat adjustments, instrument-panels and bumper cross-beams, as well as 
in non-automotive applications ranging from appliance housings to bicycle frames [11]. However, the 
direct laser joining of hybrid parts is still in a development stage for industrial use and a deeper research 
have to be carried out in order to improve the mechanical performance of the produced assemblies. In this 
work, the feasibility of the laser technology has been evaluated to directly mould a PA6 thermoplastic 
polymer into an AISI304 metal surface in order to develop a new method capable of substitute expensive 
adhesives and complex moulds by the manufacturing of several hybrid products. 
2. Experimental 
2.1. Process Basics 
Due to the advances that laser transmission welding of polymers has experienced in the last decade, 
several breakthroughs in innovative processing technologies (contour welding, mask welding, quasi-
simultaneous or simultaneous welding) and specific polymers with enhanced optical properties has been 
achieved. These manufacturing technologies are responsible of delivering the energy from the laser source 
to the workpiece, thus manufacturing parameters, such as the processing time, part size or process 
flexibility relies fundamentally on them. However, the most constraining factors for direct laser joining 
are the optical properties of polymers, because the upper thermoplastic must be transparent enough to let 
the laser energy pass through it, while the lower partner has to absorb the radiation to melt down the 
polymer, otherwise the thermoplastic could be damaged before the plastic begins to melting down at the 
joint interface [12].  
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All the technological progresses that have been achieved in laser transmission welding of polymers are 
useful for the joining of metal-plastic parts. The main difference between laser polymer welding and metal 
plastic joining is related to the adhesion mechanisms involved in the processes, which for LTJ are 
supposed to be mainly the mechanical adhesion (anchor effect) and other secondary unions, such as 
chemical bonding and Van der Waals forces [13]. 
With the aim of improving the mechanical performance of metal-thermoplastic joints, a variant of the 
direct laser joining process has been proposed. In this case, the surface of the absorbent layer is modified 
by machining several macroscopic textures, where the thermoplastic might flow into. The complete 
process has been divided in three steps, as it is show in the fig. 1: 
 In step 1: The laser beam is transmitted through the transparent part (natural PA6 thermoplastic 
polymer) and absorbed by the absorbent partner (textured AISI 304 metal). Thus, the radiation is 
transformed into heat and indirectly transmitted by heat conduction to the non-absorbent layer, where 
the polymer melting down happens. 
 In step 2: The combined effect of heat and the external pressure, forces the molten polymer flow into 
previously machined textures of the metal surface. As a result, the molten material pushes the air out 
of the cavities adapting to the shape of the metal. 
 In step 3: The entire surface of the metal comes in contact with the thermoplastic polymer. As a 
consequence, the energy transmission between the metal and the plastic increases and the thermal field 
in the joining interface is homogenized. Subsequently, the workpìece cools and the joint is 
consolidated under pressure, enabling homogeneous and strong bonding of the entire surface. 
 
 
 
Fig. 1.  Steps of the new joining process 
2.2. Equipment 
To carry out the experimentation a Rofin DL 031Q high power diode laser (HPDL) of 3100W was 
used. This diode laser is composed of two different kinds of diode stacks and as consequence can provide 
two different wavelengths, at 808 and 940 nm, operating simultaneously [14]. The diode laser is coupled 
to a fiber optic cable with an output lens assembly that focuses the laser beam with a minimum spot 
diameter of 10.2 mm. The use of a fiber optic cable to guide the laser radiation trims the initial square 
beam of the HPDL to a circular shape with a top-hat intensity distribution at the fiber output, as it is 
drawn in fig. 2 (b) [15]. 
The laser equipment was mounted on a 6 axis Fanuc S10 robot system, which allows the application of 
contour or incremental joining technique by means of a flexible motion of the laser beam and with a 
repeatability positioning accuracy of 0.2 mm. fig. 2 (a). 
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Fig. 2.  (a) laser system layout; (b) schematic detail of the joining process 
The fixture system of the fig. 2 (b) is responsible for ensuring an intimate contact and exerting the 
proper pressure to clamp together both workpieces. During the process, the laser radiation passes through 
a rigid transparent quartz glass placed on the top of the clamping system. The glass cover is rigid enough 
to provide a uniform pressure distribution on the hybrid compound and the applied force is generated by 
means of a pneumatic actuator that can exert a direct pressure of 10Mpa. A tooling base was used in order 
to accurately place both workpieces during the operation. 
The inspections of bonds were performed using optical microscopy and successful joining parameters 
were applied to join new test samples. Finally, the generated assemblies were lap shear tested in a uni-
axial test machine controlled by a computer, which collects the load-displacement data. 
2.3. Specimens 
Several PA6 plastic plates of W30mm×L50mm×H2mm and AISI 304 metal samples of 
W30mm×L50mm×H3mm were bonded with an overlapping of 10.2 mm. Furthermore, three different 
surface textures were machined in the metal surface fig. 3, in order to evaluate the influence of metal 
surface geometry in the polymer flow, as well as to determine the best approach to improve the 
mechanical behavior of the workpieces attached by the LTJ. 
  
Fig. 3.  (a) test sample schematic of PA and AISI 304 (Texture 1); (b) alternative surfaces: Texture 2 (up) and Texture 3 (down) 
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Fig. 4.  (a) schematic of the go and return trajectory; (b) shear stress test direction 
2.4. Procedure 
As mentioned in a previous paragraph, only overlapping configurations were performed during the 
trials and all the samples were tightly fixed in the clamping device with a pressure of 10MPa. Moreover, 
all the joints were performed by moving the robot with a constant feed rate of 10mm/s in the Y axis of the 
robot and following a simple go and return trajectory fig. 4.(a). 
The only varying parameters were the three surface textures, described in section 2.3, and the applied 
laser power during the experimentation. Thus, in order to establish an adequate power level for each 
surface texture a preliminary experimentation was performed, attaching the different surface 
configurations using a laser power that ranged from 550W to 850W. The achieved results were analyzed 
through visual observation focusing on the existence of defects, such as thermoplastic degradation, 
bubbles or/and an inappropriate fill in of metal surface cavities. Subsequently, the defined parameters 
were applied to attach 5 hybrids of PA6 polymer and AISI304 metal for each texture. All the shear stress 
tests were perpendicularly oriented to the laser movement (X axis) and performed at a stage speed of 5 
mm/min. 
3. Results and discussion 
3.1. Visual appearance. 
The results from the preliminary joining test are displayed in the fig. 5, which shows the relevance of 
the energy input in order to achieve good joints. If the delivered energy is insufficient, the fill-in of 
thermoplastic material will not occur properly and the obtained bonds will present a non homogeneous 
thermoplastic polymer distribution, including gaps or trapped air inside the plastic bulk. However, when 
the applied laser power presents an adequate value, such as the parameters summarized in table1, the 
appearance of joints becomes smoother, and the presence of gaps or air inside the bonding interface is 
drastically reduced. Moreover, the performed experiments shows that an excess of laser energy ends up 
affecting the integrity of hybrid structures, generating burned areas or the polymer degradation at the joint 
interface. 
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Fig. 5.  Achieved bonding results at different laser power levels 
Table 1.  Optimized process parameters 
Test sample Feed rate Clamping 
Pressure 
Trajectory Laser Power 
Texture 1 10 mm/s 10 MPa Go and return 750 W 
Texture 2 10 mm/s 10 MPa Go and return 725 W 
Texture 3 10 mm/s 10 MPa Go and return 680 W 
 
In fig. 6(a) some characteristic results of joints performed with low energy input can be appreciated. In 
this bond, it is possible to appreciate an inhomogeneous mixing of the material including gaps and 
bubbles in the central part of the thermoplastic. However, when proper process parameters (laser power, 
external clamping pressures, optimal processing speeds and adequate joint trajectories) are applied, an 
optimal fill in of the PA6 thermoplastic polymer inside the textures machined in AISI304 specimens is 
possible, as it is shown in fig. 6(b). The process offers the potential to access extremely complex zones 
including tiny undercuts and corners, where other processes such as the over-injection molding has 
difficulties to access, especially when thermoplastics with high viscosity are applied. 
 
 
Fig. 6.  (a) characteristic defects with low laser power; (b) results of laser thermoplastic bonding with optimal parameters 
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Fig. 7.  Results of the mechanical testing 
3.2. Mechanical test results. 
As mentioned before, the test samples were joined with the parameters defined in the table 1 and the 
shear stress tests were performed transversally to the laser joining direction. The values of shear strength 
obtained for each surface are shown in the diagram of fig. 7. The texture 1 and texture 2 provides a 
similar maximum strength and elongation, while the texture 3 presents the worst mechanical performance. 
The high dispersion of the data can be explained in two ways. On one hand the section of the polymer is 
reduced throughout the process, as the thermoplastic material is inserted inside the metal surface. On the 
other hand the lack of an appropriate temperature control systems prevents the total removal or defects at 
the joint. 
4. Summary of conclusions 
Laser transmission joints of PA6 and AISI304 were fabricated following a novel thermal bonding 
strategy. In the initial phase of the experimentation, optimal process parameters were established, such as 
processing speed, joining trajectory, clamping pressure and laser power. The visual inspection of joints 
showed that an adequate temperature field is of prime importance in order to achieve reliable joints. If the 
temperature during the process is too low, then poor quality joints will be achieved. On the contrary high 
temperatures could generate the polymer degradation and therefore non reliable bonds. In this way, 
process monitoring and control systems could present an important role in attaining high structural 
integrity and increasing the industrial viability of the process.  
The performed joints have demonstrated that good fill in cavities are achievable by the LTJ method 
and therefore the process has the potential to substitute adhesives or over-injected components in many 
industrial applications. However, a more extended testing of the produced assemblies is required in order 
to characterize the mechanical performance due to the high data dispersion that is typically in 
thermoplastic materials. 
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